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The ability to design synthesis processes that are out of equilibrium has opened the possibility of
creating nanomaterials with remarkable physico-chemical properties, choosing from a much richer
palette of possible atomic architectures compared to equilibrium processes in extended systems. In
this work, we employ atomistic simulations to demonstrate how to control polymorph selection via
cooling rate during nanoparticle freezing in the case of Ni3Al, a material with a rich structural
landscape. State-of-the-art free-energy calculations allow to rationalize the complex nucleation pro-
cess, discovering a switch between two kinetic pathways, yielding the equilibrium structure at room
temperature and an alternative metastable one at higher temperature. Our findings address the key
challenge in the synthesis of nano-alloys for technological applications, i.e., rationally exploiting the
competition between kinetics and thermodynamics by designing a treatment history that forces the
system into desirable metastable states.
Crystallization is a complex and incompletely un-
derstood phenomenon that has long fascinated scien-
tists from various research fields including environ-
mental science[1–4], pharmaceutics[5, 6] and materials
engineering[7–9]. One of the key challenges of crystal-
lization remains the ability to control the polymorph se-
lection since properties of most materials among which
mechanical, optical and chemical depend drastically on
the crystal structure. This intricate relationship be-
tween structure and properties is particularly impor-
tant in nanomaterials where novel crystal phases can
be stabilized thus enabling for unique technological
applications[10, 11].
Although the understanding of polymorph selection
at the bulk scale has been the subject of numerous
works[12–16], it remains unclear to what extent the spe-
cific features of nanoparticles, including finite-size effects
and surface preponderance, can affect the resulting struc-
ture. As far as nanoparticles are concerned, many sim-
ulations studies have focused on finding minimum en-
ergy configurations[17–22] and on studying the nucle-
ation path near the melting temperature[23–28].
However, from the experimental point of view,
nanoparticles are usually obtained through out of equi-
librium processes especially when using physical routes
of synthesis such as laser ablation [29–32], flame pyroly-
sis [33–35], and magnetron sputtering [29, 36, 37]. In all
these cases, as the temperature is decreased, the system
goes from the gas phase to a liquid droplet whose subse-
quent freezing lead to the formation of a nanocrystal[38–
40]. While being crucial to reach a rational design of
nanoparticles, the highly complex nucleation pathways
and the resulting polymorph selection remain difficult to
understand in this out of equilibrium context. In par-
ticular, numerous works investigated the freezing mech-
anisms in nanoparticles[41–43] and how the size and the
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chemical composition of the liquid droplet can influence
the final structure[44]. However, the cooling rate – an
important tuning parameter in synthesis experiments –
has been scarcely studied[38, 40, 42, 45] even though it
provides a primary route to study the interplay between
kinetic and thermodynamical pathways.
Our work investigates how the cooling rate controls
polymorph selection that occurs during nanoparticle
freezing. We take the example of Ni3Al which is an inter-
metallic alloy. At the nanometric scale, this class of ma-
terials has recently attracted considerable attentions for
their catalytic,[46, 47] plasmonic[48, 49] and magnetic[50,
51] properties but also features a very rich structural
landscape including different chemical orderings[40] as
well as different polymorphs[52]. In particular, NiAl al-
loys are known for high-temperature structural appli-
cations including the well-known γ − γ’ superalloys[53]
made of nano- to micro-sized L12 Ni3Al precipitates that
exhibit very unique mechanical properties[54–56].
Here, we use atomistic simulations to show that in-
creasing the cooling rate favors the emergence of a novel
metastable structure. To understand this result, we per-
form free energy calculations on the liquid to nanocrystal
transitions using the potential energy and an entropy sur-
rogate as structure-agnostic order parameters. Our re-
sults show that while only the most stable structure (L12)
is found at room temperature, a second free energy basin
associated to an alternative structure (DO3) becomes
preponderant at higher temperature. Altogether, this
work further contributes to the rational control of crys-
tal polymorph in nano-alloys which is crucial for a wide
range of technological applications, at the same time en-
hancing our understanding of out of equilibrium nanopar-
ticle formation through competing nucleation pathways.
We studied nanoparticles made of 1000 atoms. As a
comparison, recent studies that focused on different ma-
terials AgPt[28], CuPt[45] and AuAg[57] considered par-
ticles of less than half this size. To initialize the calcula-
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10 50 100 200
Ntot 20 33 16 14
Ncrys/Ntot 0 0.33 0.75 0.93
TABLE I. Number of simulations Ntot for each investigated
quench duration τ . Ncrys/Ntot refers to the ratio of crystal-
lized configurations.
tions, atoms were randomly arranged in a sphere of ra-
dius 12.5 A˚ embedded in a large simulation box (40 A˚). A
timestep of 0.001 ps was employed thorough the calcula-
tions. Then, the system was equilibrated at 2000 K in the
NVT ensemble. From there, the temperature was linearly
decreased to 300 K (with the same thermostat) during a
time τ that was varied from 10 ns to 200 ns, correspond-
ing to cooling rates in the range 8.5 − 170 K/ns. These
values are faster than typical liquid and gas quenching
[58] but is on par with chaotic bottom-up synthesis in-
cluding laser ablation in liquids[59, 60]. Throughout the
study, we employed the EAM interatomic potentials de-
veloped by Pun and Mishin which is known to correctly
mimic experimental lattice and defect properties of vari-
ous NiAl systems including L12 Ni3Al [61]. In addition,
this potential correctly reproduces ab initio formation
energies of binary BCC D03 and HCP D019 Ni3Al. The
NVT ensemble is obtained by using the Noose-Hoover
thermostat with a damping factor equal to 0.1 ps. Simu-
lations were carried out using LAMMPS[62] patched with
PLUMED[63, 64]. Crystal analysis of the structures was
performed using common neighbor analysis[65] as imple-
mented in OVITO[66].
For a given cooling rate, we performedNtot simulations
using various initial conditions (positions and velocities).
In the resulting nanoparticles roughly half the atoms are
in the first and second surface layers and are necessar-
ily not identified as crystallized. Therefore, a simula-
tion is considered crystallizing when the system reaches
more than 40% of crystal-like atomic environments and
the number of crystallizing simulations is denoted Ncrys.
Otherwise, the system remains trapped in an amorphous
configuration. Ntot and Ncrys for the different quench du-
rations are reported in Table I. The results show that as
the quench duration is increased, the proportion of crys-
tallizing simulations also increases from 0% (τ=10 ns) to
more than 90% (τ=200 ns). This is an expected result
since longer quenching times allow the system to evolve
under quasi-equilibrium conditions.
Before proceeding to discuss our freezing simulations,
we first recall the polymorphs that have been found ex-
perimentally. In the bulk phase, Ni3Al is known to be
stable at the binary FCC L12 structure[67]. Ni3Al-based
BCC structures are less commonly observed, but can be
obtained using additional alloying elements such as Fe, Ti
or Ru [68, 69]. In our simulations, several types of nanos-
tructures are observed. They are composed of single- and
polycrystals, and are including one or more polymorphs.
FIG. 1. Examples of crystallization kinetics and resulting
Ni3Al nanocrystals. Atoms color coding: Blue = BCC (D03),
Red = HCP (planar defects), Green = FCC (L12) local en-
vironments. Non-crystalline atoms are removed for the sake
of clarity. (a) BCC rich crystal (τ = 50 ns). Only few atoms
in FCC and HCP environments are identified. (b) Mixed
FCC-BCC polycrystal (τ = 100 ns). (c) FCC rich crystal
(τ = 200 ns). The sample is a twinned bicrystal (twin bound-
aries formed by one HCP layer). The black dashed-line illus-
trates the classical mirror relation from both sides of the twin
boundaries.
Both binary FCC L12 and BCC D03 crystals are identi-
fied, as well as planar defects such as complex stacking
faults and twin boundaries, both characterized by HCP
local environments. Pseudo-twins and few HCP D019
nanoprecipitates are also sparingly detected which is con-
sistent with previous experimental[70] and numerical[56]
observations. Typical final configurations for τ = 50, 100
and 200 ns along with the temporal evolution of the frac-
tion of BCC, FCC, and HCP-like environments are shown
in Fig. 1 (see Supplemental Materials for all cases). The
different nanocrystals can be rationalized in 3 categories
(i) FCC rich, (ii) BCC rich and (iii) FCC + BCC, all
with or without planar defects.
In the simulations, each crystallized nanoparticle is
characterized by an initial BCC D03 nucleus, even when
the final structure is FCC rich. This feature is empha-
sized by a relentless BCC peak at the beginning of the
liquid-to-crystal transformation, as shown for example in
Fig. 1c. Then, the BCC nucleus can either grow and fill
most of the particle’s volume, coexist with FCC crys-
3tals or more interestingly transform into a binary FCC
via a reverse martensitic transformation [71–73]. This
phase transformation is illustrated in Fig. 2. In this sim-
ulation, the first liquid-to-solid transition is identified at
t = 29.6 ns where a D03 BCC crystallite nucleates. Then,
at a different location within the nanoparticle, the ex-
pected L12 FCC structure emerges and at t = 30.6 ns
the two phases coexist. Few tens of picoseconds later,
the BCC crystal transforms into an FCC one as shown
at t = 37.2 ns. One can note that (i) the grains relative
orientation and the remaining twin boundaries foster a
phase transformation process rather than grain growth,
(ii) most of the crystallization process happens within
few tens of ns, around T = 1000 K. Therefore, one can
speculate that most of the twin boundaries retrieved from
L12 nanocrystals in the simulation originate from a local
BCC-to-FCC phase transformation.
While it is the first time the binary BCC D03 phase of
Ni3Al is characterized from a liquid-to-solid transforma-
tion, the phase has already been observed in MD simula-
tions of Ni3Al nanowires under tensile tests using a using
a slightly different interatomic potential [74, 75]. In the
latter studies, the authors observed the aforementioned
transformation for particularly low diameters (< 5 nm)
only, where the surface over volume ratio is particularly
elevated, demonstrating the key-role of harmonic elastic-
ity at the nanoscale, under extremely high stress (in the
GPa range). These results are in good agreement with
our simulations and a similar argument may apply here
as (i) the crystal embryo is particularly distorted at the
liquid-to-solid transition and (ii) only small nanodroplets
are considered. Furthermore, the presence of a binary
BCC embryo at the early stage of nucleation is also con-
sistent with results previously obtained in bulk with two
simple systems made of Lennard-Jones atoms[76–78] and
hard-spheres[79]. In our case, we are studying a more
complex system which involves (i) nanostructures, (ii)
many-body interactions, (iii) multi-component systems
and (iv) quenching temperature with time but still man-
age to observe the emergence of the BCC structure which
indicates that this process may be ubiquitous in liquid to
solid transitions.
Our results reveal the competition between the L12
FCC and the D03 BCC crystal structures of Ni3Al. These
can be observed for all of the investigated values of τ ,
but in various statistical proportions. Fig. 3.a shows the
proportion of each crystal structure as a function of the
quench duration. In general, the FCC structure is the
most likely to stabilize at the end of the simulation for
all the investigated values of τ . However, its preponder-
ance is decreased for the lowest quench duration while the
BCC structure has the opposite behavior. In addition,
for each of the simulations, we recorded the time and
temperature for which an ordered cluster of 10 atoms is
formed [See Fig. 3.b]. It appears that the freezing tem-
perature is located at approximately 1000 K and slightly
decreases with the quench duration which is typical of a
thermodynamic hysteresis[45]. Finally, in Fig. 3.(c,d,e),
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FIG. 2. Emergence of a BCC peak during Ni3Al nanoparti-
cle crystallization. Color coding corresponds to the previous
figure. Grey dashed lines correspond to the snapshots. The
black square emphasized the BCC peak.
the temporal evolution averaged over all of the crystalliz-
ing simulations confirms that (i) BCC structures emerge
at the early stages of nucleation and that (ii) decreasing
the quench duration drives the system towards further
stabilization of the BCC structure. We note that this
averaging hides the fact that BCC can also be the most
preponderant structure at the end of some of the freezing
simulations [See Fig.1.a]. In the following, the presence
of the BCC crystallites will be investigated using meta-
dynamics simulations.
In order to better understand the complex mechanisms
associated with the formation of the Ni3Al nanoparti-
cles, we estimated the crystallization free energy land-
scapes using metadynamics simulations [80]. In this
kind of simulations, the choice of the collective variable
(CV) is crucial[81]. In general, traditional CVs include
the size of the biggest crystalline cluster[82] and Stein-
hardt’s parameters[83], which tend to bias the system
towards a specific crystal structure. As an alternative,
CVs defined from the structure of the initial and final
states of the system were proposed, based on permuta-
tion invariant vectors[4] or on specific peaks of the X-ray
diffractogram[28, 84]. In the case of polymorph selec-
tion, it becomes convenient to employ structurally ag-
nostic collective variables to avoid any constraint on the
crystal structure. For that purpose, we use the effective
entropy (denoted S), as recently developed by Piaggi et
al.[85–87], together with the potential energy (denoted
E). While the latter is directly computed from the force
field, S is evaluated using an approximation based on
4FIG. 3. (a,b) Fraction of the different crystal structures and
freezing temperature as a function of the quench duration τ .
Temporal evolution of the crystal fraction for (c) τ = 50 ns,
(d) τ = 100 ns and (e) τ = 200 ns. Results for (a-e) are
averaged over all of the simulations.
liquid state theory:
S = −2piρkB
∫ ∞
0
[g(r) ln g(r)− g(r) + 1]r2dr (1)
where ρ is the density of the system, kB is the Boltz-
man constant and g(r) is the two-body correlation func-
tion that can be numerically computed at each simulation
step[87] within a cutoff of 5 A˚.
For the metadynamics simulations, the width of the
deposited Gaussians along CVs S and E are chosen as
twice the standard deviation of their distribution in the
liquid regime, giving δS = 0.125 kJ/mol/K and δE =
0.50 kJ/mol. We adopted a Gaussian height of 5 kJ/mol
and a deposition interval of 0.1 ps. The free energy sam-
pling is carried out during 80 ns which is similar to what
was done with Ag147Pt147[28]. Our setup allows us to ob-
serve several reversible transitions and to achieve a sat-
isfactory convergence of the free energy landscapes [see
Supplemental Material for quantitative details].
Fig. 4.a shows the free energy profile at 300 K along
with the FCC and BCC structure fraction projected onto
the (S,E) space. It appears that – as expected for mod-
erate temperatures – the system adopts the L12 FCC
structure. No other minimum is detected within a free-
energy difference of 150 kBT . Interestingly, at 650 K a
second region associated with the D03 BCC structure
emerges, while remaining less stable than the L12 re-
gion [See Fig. 4.b]. Finally, for the largest temperature of
1000 K – corresponding to the phase change temperature
observed in the freezing MD simulations – the free en-
ergy landscape becomes more complex. Indeed, a liquid
region emerges in the high-energy (E = −390 kJ/mol)
and high-effective entropy domain (S = −17.5 kB). In
addition, the crystalline region is divided in two, with
the BCC region now the more stable and the FCC region
metastable.
Altogether, the metadynamics calculations show that
the free energy landscape is highly dependent on the tem-
perature with a competition between D03 BCC and L12
FCC regions. We show that the D03 BCC region is the
most stable at high temperature while the L12 FCC re-
gion becomes preponderant at room temperature. Based
on these findings, we suggest the following scenario able
to rationalize the formation of nanoparticles upon freez-
ing: (1) At high temperature (T > 1000 K), the system
remains in the liquid state; (2) At approximately 1000 K,
a crystalline region emerges with BCC as its most favor-
able structure; (3) If the nucleation core appears in this
temperature region, the system is more likely to grow by
keeping the BCC structure, even if FCC growth is also
possible; (4) If the nucleation event missed this temper-
ature range, the systems follows the most stable scenario
and grows as FCC; (5) The two types of nucleation events
can occur concurrently and in this case, the system re-
laxes towards a coexisting structure.
As a perspective, we stress that the very surprising
nucleation scenario observed here could probably be wit-
nessed with other bimetallic nanoparticles as well as dif-
ferent types of nanoparticles including oxydes and chalco-
genides. To study those, we foresee the use of a simi-
lar strategy combining direct freezing simulations with
metadynamics calculations using the effective entropy as
collective variable, as it allowed for reconstructing the
nucleation process of Ni3Al nanoparticles along different
competing pathways without any a priori on the crys-
talline structures.
From the experimental point of view, Ni3Al nanopar-
ticles have mostly been produced with cooling rates that
were slower or quicker than what is investigated in our
simulations. Indeed, on the one hand, inert gas phase
condensation[88], plasma methods[89, 90] and mechan-
ical alloying[91] involved slower cooling rates and led
to the formation of the most stable crystal structure
ie. FCC L12. On the other hand, pulsed laser de-
position with very quick cooling rates (104 K/ns) pro-
duced amorphous thin films[92]. As such, our numerical
simulations are consistent with all of these experimen-
tal results since we obtained FCC L12 and amorphous
nanoparticles respectively with the slowest and the quick-
est simulated cooling rates. Furthermore, our findings
indicate that one could stabilize the so-far unseen BCC
5FIG. 4. Left panel: Free energy landscape obtained with
(S,E) as collective variable at three different temperatures:
T=300K (a1), T=650K (b1) and T=1000K (c1). Right panel:
Mapping of the average proportion of BCC and FCC struc-
tures along the metadynamic trajectory at the same temper-
atures. Regions with free energy larger than 150kT were not
considered in this curve. The dotted green line correspond to
the separation between liquid, FCC and BCC structures.
DO3 structure by adjusting the cooling rate in between
these two regimes, for example by changing experimen-
tal conditions in inert gas phase condensation or in laser
ablation[60]. Our work elucidates the critical issue of the
competition between thermodynamics and kinetics in the
out of equilibrium synthesis of nanoparticles, and it indi-
cates a route towards the rational design and control of
experimental growth processes.
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